INTRODUCTION
Neutrophils are professional phagocytes with critical functions in eliminating invading pathogens. This is reliant upon the catalytic production of reactive oxygen species (ROS) by the enzyme nicotinamide adenine dinucleotide (NADPH) oxidase. One of the most well characterized disorders of neutrophil functionality is X-linked chronic granulomatous disease (XCGD). It is due to a deficiency in expression of the gp91phox protein, 1 which is a critical component of NADPH oxidase thus compromising the catalytic production of ROS. 2 Patients are susceptible to potentially life-threatening fungal and bacterial infections. The definitive treatment for primary immune deficiencies (PIDs) such as XCGD is hematopoietic stem cell gene therapy (SCGT) involving the transplantation of genetically modified patient autologous hematopoietic stem cells (HSCs). 3 The therapeutic concept behind it is that stable transgene expression at the stem cell level will be transmitted to mature progenies thus leading to the recovery of cell functionality. This approach has been demonstrated to be effective for treating other PIDs such as adenosine deaminase-severe combined immunodeficiency disease (ADA-SCID), 4 SCID-X1, 5 and Wiskott-Aldrich syndrome. 6 However, despite adopting similar vector designs and patient conditioning regimens, outcomes from XCGD clinical trials have witnessed only the transient appearance of functionally reconstituted neutrophils in the peripheral blood (PB) following transplantation. Initially, these unfavorable outcomes were attributed to the primitiveness of vector designs and the avoidance of myelosuppression, 7 which is particularly undesirable especially in treating young children. Thereafter, clinical protocols were amended with the inclusion of myelosuppresion and the use of strong ubiquitous promoters such as that derived from the spleen focus-forming virus (SFFV) to drive gp91phox expression. 8 Much higher levels of transduction efficiency could be achieved with significantly higher levels of gene marking. Unfortunately, this came at the cost of undesired insertional activation of the EVI1-MDS1 proto-oncogene leading to myelodysplasia with monosomy 7 (ref. 9) . Taken together, it is possible to speculate that there may exist disease characteristics unique to XCGD such that direct restoration of gp91phox expression may not be entirely favorable for neutrophils.
One possibility that has not been considered previously is the consequence of ectopic gp91phox expression. In hematopoietic SCGT, integrating viral vectors containing a ubiquitous promoter to drive transgene expression are commonly used. In the context For the treatment of monogenetic hematological disorders, restoration of transgene expression in affected cell populations is generally considered to have beneficial effects. However, X-linked chronic granulomatous disease (XCGD) is unique since the appearance of functional neutrophils in the peripheral blood following hematopoietic stem cell gene therapy is transient only. One contributing factor could be the occurrence of detrimental effects secondary to ectopic gp91phox expression in neutrophils, which has not been formally demonstrated previously. This study uses iPSCs to model XCGD, which allows the process of differentiation to be studied intensely in vitro. Alpharetroviral vectors carrying a ubiquitous promoter were used to drive the "ectopic" expression of codon optimized gp91phox cDNA. In the mature fraction of neutrophils differentiated from transduced XCGD-iPSCs, cellular recovery in terms of gp91phox expression and reactive oxygen species production was abruptly lost before cells had fully differentiated. Most critically, ectopic gp91phox expression could be identified clearly in the developing fraction of the transduced groups, which appeared to correspond with reduced cell viability. It is possible that this impedes further differentiation of developing neutrophils. Therefore, affording cellular protection from the detrimental effects of ectopic gp91phox expression may improve XCGD clinical outcomes.
of XCGD, it means the potential expression of gp91phox in nontargeted cell populations even within the same path of myeloid differentiation. This nonphysiologically regulated expression of ectopic gp91phox could result in perturbations in ROS production leading to unknown detrimental effects. It has been reported that raised intracellular levels of ROS (mitochondria derived) could negatively compromise the functionality of hematopoietic stem cells HSCs. 10 However, this may not be fully attributable to vector-mediated constitutive expression of gp91phox, which is stable only in the assembled form with other NADPH oxidase subunits. 11 In HSCs, these subunits are produced in much lower amounts compared with mature phagocytes, 12 which may be insufficient to fully support stable enzyme assembly through incorporating transgenederived gp91phox protein. However, once differentiating cells become committed myeloid progenitor cells, there is greater possibility that NADPH oxidase-mediated perturbations in ROS production could result in the occurrence of detrimental effects secondary to ectopic gp91phox expression. Although the precise underlying mechanisms are unclear, it has been reported that dysregulation in NADPH-derived ROS production can lead to the induction of endoplasmic reticulum (ER) stress. 13 It is also known that sustained ER stress can lead to the activation of apoptotic pathways and eventually cell death if stress levels remain elevated.
14 Should this occur in developing neutrophils (myeloblast/myelocytes) then cell viability would likely become compromised.
Previously, it may not have been practical to investigate this theory further due to the absence of a suitable disease model. In terms of physiological relevance, the preferred in vitro modeling system would be to use CD34 + cells from XCGD patients. For reasons of practicality, however, these cells are difficult to obtain repeatedly, therefore making it challenging to study granulocyte differentiation into neutrophils intensely. However, the development of technology to generate induced pluripotent stem cells (iPSCs) 15 from patients has allowed for the recapitulation of disease phenotypes and is particularly suited to modeling monogenetic disorders such as XCGD. 16, 17 It is known that most of hematopoiesis occurs within the bone marrow with only relatively mature blood cells released into the bloodstream. Therefore, an in vitro modeling system would allow possible impediments to differentiation to be identified that are caused by ectopic gp91phox expression in developing neutrophils.
In this study, it was found that cellular recovery in the mature fraction of neutrophils differentiated from transduced XCGD iPSCs was incomplete both in terms of gp91phox expression and ROS production. This appears to be related to an abrupt loss of transgene expression before cells had fully differentiated. Interestingly, "ectopic" expression of gp91phox could be found only in the developing fraction of neutrophils differentiated from transduced XCGD-iPSCs, which corresponded with nonphysiological ROS production. Most critically, developing neutrophils ectopically expressing gp91phox appeared to show an increased propensity for undergoing cell apoptosis irrespective of a XCGD or healthy genetic background. Therefore, future strategies targeted at the physiological regulation of gp91phox expression may improve the viability of neutrophils.
ReSUlTS

Generation and characterization of XCGD iPSCs PB CD34
+ cells from an XCGD patient were reprogrammed into iPSCs ( Figure 1a ). Within 30 days following transduction, embryonic stem cell-like colonies could be identified. The following representative characterization data was generated using XCGD iPSC (clone #8), which was used for all subsequent transduction and differentiation experiments. These XCGD iPSCs exhibited alkaline phosphatase (ALP) activity and displayed the surface markers SSEA-4, Tra-1-60, and Tra-1-81 (Figure 1b) . They could form teratomas consisting of tissues derived from the three germ layers (Figure 1c ), confirming that these cells possess typical features of pluripotent stem cells. XCGD iPSCs expressed pluripotency genes as determined by reverse transcription polymerase chain reaction (Supplementary Figure S1) and exhibited a normal karyotype (Figure 1d ). Most importantly, the same exact point mutation that had been identified in the patient in the CYBB gene (c.1448G>A p.Trp483X) was successfully retained (Figure 1e ). Therefore, neutrophils differentiated from these unmodified XCGD iPSCs should display the characteristic phenotype of the disease.
Neutrophil differentiation and recapitulation of the XCGD phenotype The overall differentiation process from either healthy or XCGD iPSCs occurs over ~21 days (Figure 2a) . A co-culture system with irradiated C3H10T1/2 cells was adopted throughout the procedure. No purification of hematopoietic progenitor cells (HPCs) was carried out following harvest on day 14 before inducing to undergo further differentiation into neutrophils for an additional 5 to 7 days. To begin with, healthy iPSCs were used to optimize this protocol. Differentiated neutrophils displayed the characteristic multi-lobed appearance of the nuclei following Wright-Giemsa staining. Cells contained myeloperoxidase (MPO) and ALP, which are enzymes found in cytoplasmic granules, the appearance of which corresponds with the increasing maturation status of neutrophils ( Figure 2b ). The ability of differentiated neutrophils to phagocytose infectious microorganisms was mimicked through the nitroblue tetrazolim (NBT)-coated yeast assay. 18 Ingested NBT-coated yeast is purple/black in color due to NBT reduction by ROS (Figure 2c , black arrows). It has been reported that neutrophils can generate neutrophil extracellular traps, composing of nuclear constituents and granules for the extracellular killing of large pathogens. 19 Here, neutrophil extracellular traps formed by iPSC-derived neutrophils can be visualized by staining for nucleic acids and MPO, a critical component of these structures 20 ( Figure 2d , white arrows Figure S2) according to surface marker expression as reflected in the morphology of cells sorted by FACS. These two populations were also clearly separable by determining CD66b expression, which is another marker that can be used to assess neutrophil maturation (Supplementary Figure S3) . Clinically, the characteristic XCGD phenotype is defined by the absence of any oxidase activity dependent on the NADPH oxidase system in neutrophils. This could be assessed using the dihydrorhodamine123 assay. Following phorbol myristate acetate stimulation, differentiated neutrophils with a healthy genetic background produced ROS at levels comparable to that of PB neutrophils (Supplementary Figure S4) . However, this was completely absent in neutrophils differentiated from XCGD-iPSCs, indicating that the XCGD phenotype has been successfully recapitulated in this modeling system (Figure 2e ).
Cellular recovery in XCGD iPSC-derived neutrophils was not restored to wild-type levels following transgene-derived gp91phox transfer XCGD iPSCs were transduced using the Alpha.SIN.EFS.gp91. IRES.PURO vector (Figure 3a) for the purpose of restoring transgene-derived gp91phox expression and ROS production.
Puromycin selection pressure was sustained throughout from the maintenance of transduced XCGD iPSCs to subsequent differentiation into polymorphonuclear neutrophils in order to ensure that only transgene-positive cells are analyzed. A multicolored flow cytometry analysis, optimized specifically for these objectives, allowed for the concomitant analysis of gp91phox expression or ROS production by focusing on the mature (CD64 high CD15 high ) population (Figure 3b ). In the untransduced XCGD group, differentiated neutrophils expressed neither gp91phox nor generated ROS (XCGD). In contrast, mature neutrophils from the healthy control group expressed gp91phox at normal levels on a per-cell basis (Healthy). It was discovered in transduced XCGD neutrophils that while increased recovery in gp91phox expression corresponded with increased vector copy number (VCN) from 1.01 to 9.25 (multiplicity of infection (MOI) 1 and 10; Table 1), the extent of recovery was considerably less compared with the healthy control group (Figure 3b , MOI 1 and MOI 10, top row). Similarly, the restoration in ROS-generating capacity did not reach wild-type levels (Figure 3b , MOI 1 and MOI 10, bottom row).
Since assembly of NADPH oxidase requires additional intracellular components, the expression of gp91phox (Figure 3c , top row), p47phox ( Figure 3c , middle row), and p67phox ( Figure 3c , bottom row) was determined in mature neutrophils within the same experimental groups. Despite the absence of gp91phox expression, in the XCGD group, both p47phox and p67phox were still expressed albeit at a lower level (XCGD) compared with the healthy controls (Healthy). Unexpectedly, there was a further opposing decrease in the expression of these two subunits that appeared to correlate negatively with an increase in gp91phox expression (MOI 1 and MOI 10). This data may suggest that transgene-derived gp91phox expression could induce a detrimental cellular response since an opposite trend would be expected given that these subunits are known to be critical to gp91phox stability.
Ectopic gp91phox expression leads to nonphysiological expression of ROS In this study, as with previous hematopoietic SCGT clinical trials, an integrating vector is used, where an internal ubiquitous promoter drives transgene expression. Taking this into consideration, the hypothesis was made that the expression of gp91phox could occur in nontargeted cell populations resulting in nonphysiological consequences. By adopting the same multicolor analysis as described previously, cells were first assessed for gp91phox expression. In mature cells, gp91phox expression was found in all except for the XCGD group ( Figure 4a , top row). As an additional control, the alpharetroviral vector was modified by using the SFFV promoter Figure S5a) , which is known to have stronger activity 21 in general than the EFS promoter in driving transgene expression. Surprisingly, restoration of gp91phox expression in the SFFV group was lower compared with the EFS group on a per cell basis (EFS versus SFFV). This may in part be attributed to the susceptibility of this vector to silencing in pluripotent stem cells. 22 In the developing fraction (Figure 4a , bottom row), no gp91phox expression was detected in either one of the control groups including those differentiated from a healthy genetic background (XCGD and Healthy). However, in neutrophils differentiated from transduced XCGD iPSCs, gp91phox expression can now be observed in the developing fraction (EFS and SFFV). In the context of this study, the expression of gp91phox in this cell fraction is herein defined as "ectopic. " Thereafter, cells were assessed for the generation of ROS firstly in the mature fraction (Figure 4b , top row). As expected in the transduced groups (EFS and SFFV), ROS production was incomplete on a per-cell basis compared with the healthy control. In the developing fraction (Figure 4b , bottom row), only marginal oxidase activity was detected in the untransduced controls (XCGD and Healthy). However, ROS production could now be detected in the developing fraction of the transduced groups, which may be described as "nonphysiological" (EFS and SFFV). Therefore, a more refined hypothesis could be made that ectopic gp91phox expression in the developing fraction of neutrophils allows these cells to acquire the potential of producing nonphysiological ROS. This could result in the occurrence of detrimental effects that could impede further differentiation such that in cells those are able to transit into a mature hierarchy, cellular recovery is incomplete.
Hierarchical transition during neutrophil differentiation
To support the hypothesis that gp91phox may impede neutrophil differentiation, it is important to confirm that within this culture system, differentiating neutrophils could make the transition from developing to a mature hierarchy. To demonstrate this, after sac harvest, HPCs were differentiated for 3 days to obtain a heterogeneous mixture of both developing and mature neutrophils ( Figure 5 , pre-sorting). At this point, the developing fraction (CD64 dull CD15 dull ) was sorted and checked for its purity in composition ( Figure 5 , purity). This sorted population was then differentiated for an additional 2 days by which point, both developing (CD64 dull CD15 dull ) and mature (CD64 high CD15 high ) populations could be identified regardless of whether cells were differentiated from XCGD or healthy iPSCs ( Figure 5, differentiated) . These data confirm that in this culture system, cells follow this pathway of differentiation.
Ectopic expression of gp91phox impedes neutrophil maturation In determining the effect of ectopic gp91phox expression acting as an impediment to neutrophil maturation, it is important to carry out a broad assessment of whether this correlates with all stages of differentiation within the conditions of this culture system. To exclude puromycin as an additional factor that could compromise neutrophil viability, selection pressure was removed after HPC harvest from iPSC sacs. In order to detect transgene-positive cells and analyze them by multicolor FACS, the design of alpharetroviral vectors was further modified to include a truncated nonsignaling version of the neural growth factor receptor (NGFR) (Supplementary Figure S5b) . This is to allow for the detection of gp91phox-expressing neutrophils transduced with the therapeutic (gp91phox-containing) vector but not the control, which contains only puromycin resistance gene and NGFR.
On day 3, the expression of gp91phox in mature neutrophils differentiated from the healthy control (Figure 6a . Ectopic gp91phox expression could only be detected in developing neutrophils from the therapeutic group. On day 7, mature neutrophils differentiated from healthy iPSCs (Figure 6c , Healthy) showed a considerable increase in gp91phox expression over earlier time points, indicating that further cell maturation had occurred despite the same characterization by immunophenotype. In stark contrast, gp91phox expression has nearly disappeared in the therapeutic vector-transduced group (Figure 6c , Therapeutic) in both the mature and developing fractions. Interestingly, the presence of ROS high producing neutrophils at the same time points of differentiation reflects the expression of gp91phox. Similar to the healthy control group, mature ROS high producing neutrophils from the therapeutic vector transduced group could be detected up to day 5, but these cells were abruptly lost by day 7 (Supplementary Figure S6) .
Disappearance of XCGD-developing neutrophils expressing ectopic gp91phox
In addition to potential detrimental effects occurring secondary to ectopic gp91phox expression, it is possible that the loss in cellular recovery is also due to abrupt silencing of the vector. Since the differentiation impediment is thought to occur at the developing stage of differentiation, at the same time points, NGFR expression was determined in this fraction of neutrophils. No expression was observed for the untransduced controls ( Figure 7 , XCGD and Healthy) at any time point. On days 3 and 5, NGFR expression can clearly be detected in (Figure 7 , Control) or gp91phox-containing (Figure 7 , Therapeutic) vectors. However, by day 7, only the control vector group showed significant NGFR expression. Considering that both vectors share similar designs and were used to transduce XCGDiPSCs under the same experimental conditions, neither would be considered as being more susceptible to silencing than the other. Therefore, gene silencing alone is unlikely to be a significant factor leading to the loss of NGFR and also gp91phox expression in the therapeutic vector-transduced cells.
Developing neutrophils ectopically expressing gp91phox are susceptible to increased cell death Cells were subjected to the 7-AAD/Annexin V apoptosis assay to determine viability. The percentage of cell death was calculated by combining the total percentage of 7-AAD-positive only and 7-AAD/AnnexinV double-positive cells (Supplementary Figure S7) in both the NGFR-negative and NGFR-positive fractions. Despite ectopic gp91phox being detectable on day 3 in developing neutrophils differentiated from therapeutic vector transduced XCGD iPSCs, no significant cell death can be detected at this time point . However, by day 5, it was found that NGFR-positive developing neutrophils differentiated from iPSCs transduced with the gp91phox-containing vector exhibited significant levels of cell death compared with the NGFR-negative fraction (Figure 8b ). At this time point, the same profile of cell death could be observed regardless of whether gp91phox was ectopically expressed in cells differentiated from either an XCGD or healthy (Supplementary Figure S8 ) genetic background. These findings suggest that ectopic gp91phox expression could exert detrimental effects by compromising the viability of developing neutrophils, which may act as an impediment to further differentiation. By day 7, where previously gp91phox expression was no longer detectable in mature therapeutic vector-transduced cells, there were no longer significant levels of cell death (Figure 8c ).
DISCUSSION
This study demonstrated the important use of patient autologous iPSCs as an in vitro neutrophil differentiation modeling system for XCGD. These cells acted as a platform for developing a multicolored flow cytometry analysis, which allowed for the concomitant identification, within the same culture, of cells according to their differentiation status (developing or mature) followed by other subsequent analyses. Following a time-course assessment of cellular recovery in the context of an iPSC-based modeling system, it could be observed that gp91phox expression in the mature fraction of transduced neutrophils was comparable with that of healthy controls before cells became fully differentiated. However, while endogenous gp91phox expression in healthy control cells continued to increase following extended culture time, transgene-derived gp91phox expression in transduced XCGD cells was abruptly lost. Most critically, ectopic gp91phox expression and nonphysiological production of ROS was detectable in developing neutrophils only in those differentiated from gp91phox-transduced XCGD iPSCs. This appeared to correlate with statistically significant levels of cell death and coincided with a loss in mature gp91phox-expressing cells. Taken together, the data suggest that ectopic gp91phox expression may act as an impediment to further differentiation from XCGD iPSCs by reducing the viability of developing neutrophils. The key finding from this study was that cellular recovery in neutrophils differentiated from gp91phox-transduced XCGDiPSCs could not reach levels that were comparable to healthy counterparts. Since this finding was not further verified through applying the same exact methods as described herein using another XCGD modeling system, i.e., CD34 + cells from a patient, there remains the possibility that the detrimental effects of ectopic gp91phox expression is a phenomenon that is unique to the nature of iPSC-based modeling. In fact, Kaufmann et al. 23 demonstrated functional correction in myeloid cells differentiated form XCGD CD34 + cells using a similar alpharetroviral vector design. In that report, gp91phox-transduced XCGD CD34 + cells from a patient were induced to undergo myeloid (CD11b high+ ) differentiation by granulocyte colony-stimulating factor. Rather promisingly, the recovery of ROS production in differentiated cells reached to 67% of wild-type levels on a per-cell basis. Future plans to repeat experiments using XCGD CD34 + cells would determine whether similar detrimental effects secondary to ectopic gp91phox expression could also be observed in these cells. However, preliminary experiments aimed at optimizing the in vitro neutrophil differentiation from CD34 + cells from a healthy individual showed that the kinetics of differentiation appeared to be different compared with iPSCs in that a longer period of time was required to obtain mature neutrophils and that clear separation by flow cytometry of developing from mature neutrophils were less distinct (data not shown). Therefore, the focus was placed solely on the use of the iPSC-based system.
Considering that cellular recovery was incomplete following transduction, it is possible that silencing of transgene expression could have occurred. This may be true especially when the SFFV ) neutrophilss could be seen in the culture at this point (first column; Pre-sorting). The developing fraction was sorted by FACS and the purity of this sorted fraction was checked (second column; Purity). After two further days of differentiation, the appearance of mature cells that originated from the sorted developing fraction could be identified (third column; Differentiated). promoter was used, which did not restore cellular recovery closer to wild-type levels on a per-cell basis (Figure 4) . Previously, it has been reported that extensive methylation of the SFFV promoter occurred following differentiation in both lentiviral and gammaretroviral vector constructs, 24 but it may also apply to the EFS promoter as well. 16 As part of the future plans, bisulfite sequencing of the promoter regions for example would indicate the extent of methylation that has occurred in the alpharetroviral vectors used in this study.
However, the data presented here suggests that gene silencing alone would not fully explain the incomplete levels of cell recovery observed. To account for the possible susceptibility of promoter silencing in this system, puromycin selection pressure was sustained throughout from the maintenance of transduced iPSCs to the end of the differentiation process to ensure consistent selection of gp91phox-expressing cells. In addition, it could be confirmed that in some cases, the estimated VCN was as high as 9.25 Figure 6 Time-course analysis of gp91phox expression in differentiating neutrophils. XCGD iPSCs were transduced with either the control vector (Control) or gp91phox-containing (Therapeutic) vectors. Control cells were those differentiated from untransduced healthy (Healthy) or XGCD-iPSCs (XCGD). On days 3, 5, and 7 after initiating differentiation, the expression of gp91phox was assessed in both developing and mature neutrophils. Gray indicates the isotype control and black line indicates gp91phox expression. All numbers indicate the MFI. (Table 1) . For certain assays, it was necessary to lift puromycin selection pressure at the start of neutrophil differentiation, which may otherwise compromise cell viability in addition to potential ectopic gp91phox involvement. In these situations, an additional selection marker, ΔLNGFR (truncated NGFR), was incorporated into the vector design with the use of the EFS promoter to identify transgene-positive cells throughout the differentiation process. 2A peptides were used for vector construction, which was previously demonstrated to be effective at ensuring efficient and robust multicistronic expression of multiple transgenes in embryonic stem cells. 25 Both the control and therapeutic vectors shared similar designs differing only in the gp91phox transgene (Supplementary Figure 5b) . Therefore, neither vector construct would be considered to be more susceptible to silencing than the other. However, NGFR abruptly disappeared in therapeutic vector-transduced cells by day 7 of differentiation but expression was retained in control vector-transduced cells (Figure 7) . Therefore, these data support the idea that ectopic gp91phox could lead to detrimental effects in this iPSC-based system. Yet it remains unclear in neutrophils whether all transgene-derived gp91phox becomes the stably assembled or whether any excess is subsequently degraded. This information would be necessary for establishing a threshold of tolerance in cells to nonphysiological ROS production. In addition, from the results of this study, it is not possible to rule out the possibility that cell death may be caused by direct toxicity to the gp91phox protein itself. Future work may be necessary to use a mutant form of gp91phox in which the protein is translated but ROS-generating capacity remains abolished. 26 Overall, this study demonstrated the usefulness of multicolor-flow cytometry analysis in the context of an iPSC-based neutrophil differentiation model to test how ectopic gp91phox expression would affect specific cell populations, i.e., developing and mature neutrophils. With optimized procedures, this technique allowed for the concomitant analysis of surface markers alongside other NADPH oxidase components, ER stress markers, and the quantification of cell viability. In a previous study comparing global gene expression in polymorphonuclear neutrophils, it was found that compared with healthy individuals, there was a 3.1-fold downregulation in CYBB (gp91phox) expression in XCGD patients, which correlated with an opposite 2.7-fold increase in NCF1 (p47phox) expression. 27 Here, a negative correlation could be identified at the protein level between gp91phox and p47/67phox expression. In addition, previously it had been reported that neutrophils could be induced to undergo apoptosis following sustained ER stress. 28 Also, NADPH oxidase-derived ROS has been shown to be capable of inducing ER stress.
14 For these reasons, the expression of the ER stress markers GRP78, pEIF2α, pJNK, and XBP-1 was assessed (Supplementary Figures  S9 and S10) . Multicolor flow cytometry analysis enabled the relative expression of each marker to be calculated by subtracting the mean fluorescence intensity in the NGFR-negative fraction from the NGFR-positive fraction (Supplementary Figure S9) . It was found in the XCGD group that there was a significant increase in GRP78 expression in developing neutrophils ectopically expressing gp91phox (Supplementary Figure S10a , XCGD, Ectopic gp91 versus Control). Interestingly, the presence of ectopic gp91phox protein corresponded with a significant increase in pEIF2α expression in healthy cells (Supplementary Figure S10b , Healthy, Ectopic gp91 versus Control). No statistically significant differences could be detected for pJNK and XBP-1 (Supplementary Figure S10c,d) . Although it cannot be concluded that induced ER stress is the main underlying mechanism leading to induced apoptosis, the data do suggest that these cells may have the propensity for undergoing such a fate. Therefore, cell viability was determined in cells ectopically expressing gp91phox but given the wide range of physiological functions of NADPH oxidase, it is possible that perturbations in ROS production may lead to other negative effects.
Although the clinical relevance of our iPSC-based neutrophil differentiation system remains to be further addressed, it will be a useful platform for determining how faithfully an artificial promoter would restore gp91phox expression relative to healthy endogenous levels. In fact, it was possible to determine the precise point during hematopoietic differentiation that gp91phox expression appeared and its level of expression at given time points. During the time-course assessment of gp91phox expression in healthy control cells, it was not detected in the developing fractions (CD64 Figure 6b ). Consistent with these observations, earlier during hematopoietic differentiation, it is known that gp91phox expression is very low in stem or progenitor hematopoietic cells but becomes much higher in mature phagocytes. 12 To date, it remains to be seen whether constitutive overexpression of gp91phox can compromise the functionality or engraftment potential of HSCs. 29 Nonetheless, there seems to be a consensus that transgene expression should be avoided in this population unless absolutely necessary in order to minimize any genotoxic risks. 30 Recently, a dual-regulatory strategy combining transcriptional and posttranscriptional regulation in which the use of a lentiviral vector with a myeloid-specific promoter and two micro-RNA 126 "sponge" sequences were shown to effectively restrict gp91phox expression to the myeloid compartment with minimal leakage. 31 It would be interesting to see whether by using the latest generation of clinical vectors, the levels gp91phox expression achieved could reach closer to healthy wild-type levels using our iPSC-based system. By combining with the site-specific integration techniques, such vector testing could become feasible in the near future.
In summary, by using XCGD iPSCs as a modeling platform to assess the effects of constitutive transgene expression, an alternative prospective of this disease has been presented. There is promise in that ROS antagonists such as NAC is already in clinical use to treat a range of existing diseases including pulmonary and neurological disorders, 32 but it remains to be seen how this may apply to XCGD treatment. The evidence here also supports the current trend in hematopoietic SCGT of lineage restricted transgene expression as this strategy may both minimize the genotoxic risk and improve neutrophil viability at the same time. It is hoped that further study using this iPSC modeling system may yet yield additional therapeutic targets the resolution of which could lead to improvements in CGD clinical outcomes.
MATeRIAlS AND MeTHODS
Sendai virus vectors
Development of nonintegrating Sendai virus vectors harboring human OCT3/4, SOX2, KLF4, and c-MYC is as previously described. 33 The removal of Sendai virus vectors from iPSCs was carried out using Lipofectamine RNAi Max (Invitrogen, Waltham, MA) to transfect established iPSC lines with small interfering RNA L527.
Alpharetroviral vectors
Alpharetroviral vectors 34 were kindly provided by Dr Axel Schambach (Hannover Medical School, Germany). The production of viral supernatant is as previously described. 35 To construct the pAlpha. Generation of patient autologous iPSCs and transduction PB samples were obtained from either a healthy volunteer or a XCGD patient on informed consent following the Declaration of Helsinki standard ethics procedure with approval from the Institutional Ethical Committees. PB CD34 + cells were isolated using the CD34 MicroBead Kit according to the manufacturer's protocol (Miltenyi Biotec, Bergisch Gladbach, Germany). These were then transduced with the earlier described Sendai virus vectors to generate iPSCs. Reprogrammed iPSCs were maintained under conditions as previously described. 39 For the transduction of iPSCs, healthy or XCGD iPSCs were first maintained under feeder free conditions on matrigel (BD Biosciences, San Jose, CA). Transduced cells were subsequently maintained on puromycin-resistant mouse embryonic fibroblasts under constant puromycin (A11138-03; Life Technologies, Waltham, MA) selection pressure.
Determination of VCN
VCN was determined using the QX200 Droplet Digital PCR System (BIO-RAD, Hercules, CA) as per manufacturer's instructions (manuscript in preparation for detailed methods). Genomic DNA was extracted from transduced XCGD or healthy iPSCs using the NucleoSpin Tissue XS kit (MACHEREY-NAGEL, Duren, Germany). Target primer-probes were designed to recognize sequences within the puromycin resistance gene.
Immunocytochemical staining of iPSCs
To begin with, iPSC colonies were fixed using 5% paraformaldehyde and permeabilized with 0.1% Triton X-100. Primary phycoerythrin (PE)-conjugated anti-SSEA-4 antibody (FAB1435P; R&D Systems, Minneapolis, MN) was used for SSEA-4 staining. For TRA-1-60 and TRA-1-81, pretreated colonies were incubated with primary mouse antihuman TRA-1-60 (MAB4360; Merck Millipore, Darmstadt, Germany) and mouse antihuman TRA-1-81 (MAB4381; Merck Millipore). This is followed by incubation with secondary Alexa Fluor 488-conjugated goat antimouse antibody (A11029; Molecular ProbesInvitrogen, Waltham, MA). 4′,6-diamidino-2-phenylindol (Roche Diagnostics, Basel, Switzerland) were used to counterstain cell nuclei.
ALP activity in iPSCs 10% formalin neutral buffer solution (Wako, Tokyo, Japan) was used for the fixation of iPSC colonies. ALP activity was then detected using the 1-Step NBT/ BCIP (34042; Thermo Fischer Scientific, Waltham, MA) solution.
Teratoma formation
Dissociated iPSCs were injected at a density of 1.0 × 10 6 cells into the medulla of a single testis of a NOD/ShiJic-scid mouse. 40 After 12 weeks, the resulting teratomas were resected and then fixed in 5% paraformaldehyde before being embedded in paraffin. Microscopic sections were stained with hematoxylin and eosinstain to determine evidence of tri-lineage germ layer contribution. Approvals for conducting these experiments were granted by the institutional regulation board for human ethics at the Institute of Medical Science, University of Tokyo.
Karyotyping and point mutation sequencing
Chromosome karyotyping (Q-banding) was performed by Chromosome Science Labo (CSL, Sapporo, Japan). Fifty total metaphases were examined.
Neutrophil differentiation of human iPSCs
Human iPSCs were first differentiated into HPCs as previously described 41 with slight modifications. In brief, irradiated puromycin-resistant C3H10T1/2 were co-cultured with detached iPSC colonies in hematopoietic cell differentiation medium (Iscove's modified Dulbecco's medium supplemented with 15% fetal bovine serum [FBS] and a cocktail of 10 mg/ml human insulin, 5.5 mg/ml human transferrin, 5 ng/ml sodium selenite, 2 mmol/l l-glutamine, 0.45 mmol/l a-monothioglycerol, and 50 mg/ml ascorbic acid in the presence of VEGF) under sustained puromycin selection pressure. On day14, HPCs were harvested from "sac-like" structures. For neutrophil differentiation, HPCs were continuously co-cultured with irradiated C3H10T1/2 cells in differentiation medium (αMEM + 10% fetal bovine serum [(Biological Industries, Kibbutz Beit Haemek, Israel) + 1% penicillin streptomycin glutamine) including 50 ng/ ml G-CSF (R&D Systems) with a half medium change every 3 days.
Cell morphology and expression of cytoplasmic proteins
After methanol fixation, cell morphology of differentiated neutrophils were determined by Wright-Giemsa (WG) staining using Hemacolor solution 2 (Red, 111956) and solution 3 (Blue, 111957) (Merck Millipore). MPO and ALP were stained using the New PO-K and ALP staining kits, respectively (Muto Pure Chemicals, Tokyo, Japan).
NBT-coated yeast phagocytosis assay Autoclaved Baker yeast was suspended at a density of 1 × 10 8 /ml in 0.5% NBT solution (Sigma-Aldrich, St Louis, MO) dissolved in phosphate-buffered saline. A 5 μl suspension was incubated with 2.5 × 10 5 differentiated neutrophils suspended in 50 μl of fetal bovine serum. After 1 hour of incubation at 37 °C with periodic tapping, cytospin preparations were made of each sample, which was then stained with 1% safranin-O (Muto Pure Chemcals).
Formation of neutrophil extracellular traps
Differentiated neutrophils were seeded onto poly-l-lysine (Sigma-Aldrich) coated glass coverslips (Matsunami, Osaka, Japan). The method used for generating neutrophil extracellular traps were adapted from a previously described protocol. 42 After permeabilization and fixation, cells were stained with primary purified polyclonal anti-MPO antibody (Abcam, Cambridge, UK) and then secondary Alexa Fluor 546-conjugated goat antirabbit antibody (A11029, Molecular Probes-Invitrogen) along with SYTO13 (Life Technologies, Thermo Fischer, MA) to stain nucleic acids.
Flow cytometry determination of surface marker and NGFR expression
For surface staining, cells were first stained with primary monoclonal rabbit anti-human FCGR1A antibody (EPR4623, Abcam). This was followed by secondary Alexa Fluor 488-conjugated goat anti-rabbit antibody (A11034, Molecular Probes-Invitrogen) and BV605-conjugated anti-human CD15 
Detection of ROS
The production of ROS by test cells including PB, and differentiated developing and mature neutrophils was detected using the dihydrorhodamine123 flow cytometry assay as previously described. 43 In brief, cell samples were suspended in ~400 μl of reaction buffer (HBSS + 0.5% BSA). Catalase (Sigma-Aldrich) was added at a final concentration of 1400 U/μl alongside 1.8 μl of a 29 mmol/l stock solution of dihydrorhodamine123 (Sigma-Aldrich). Phorbol myristate acetate (Sigma-Aldrich) was added to stimulate samples at a final concentration of 0.2 μmol/l. After 15-minute reaction at 37 °C, the samples were washed and analyzed by flow cytometry. When indicated, cell surface antigen was stained as previously described.
